Transpulmonary pressure and the mechanical stresses of breathing modulate many essential cell functions in the lung via mechanotransduction. We review how mechanical factors could influence the pathogenesis of emphysema.
Emphysema is a slowly progressing disease with no cure other than lung transplantation. The main risk factors of emphysema include cigarette smoking, environmental irritants, genetic factors, and indoor pollutants that lead to inflammation accompanied by gradual airspace enlargement (5) . Consequently, lung elastic recoil and gas exchange become progressively compromised. The progression of the disease can be slowed by quitting smoking; however, the rate of decline of lung function in emphysematous patients remains higher than in healthy individuals even after smoking cessation (42) .
After decades of studying emphysema, we still do not fully understand its pathogenesis or progression. The majority of emphysema research focuses on uncovering and blocking signaling pathways. As a result, new molecules, including various enzymes, cytokines, or intracellular and extracellular matrix (ECM) constituents that appear to play a role in the pathogenesis and/or progression, are constantly being discovered. Unfortunately, this reductionist approach has not led to a major breakthrough. The complexity of the disease thus highlights the need for cross-disciplinary and integrative approaches.
Cells and the ECM in the lung are under the influence of transpulmonary pressure (Ptp) and the incessant mechanical stresses (force normalized by cross-sectional area) of breathing. In the emphysematous lung, the ECM is damaged, and the stresses of breathing are capable of rupturing the ECM molecules and tissues (34) . Perhaps more importantly, these mechanical stresses also influence the basic functioning of adherent cells (12) . For example, the mRNA level of collagen type I is upregulated in the presence of cyclic stretching of lung fibroblast in a substrate-dependent manner (8) . This phenomenon, called mechanotransduction (28) , is well appreciated in many areas of medical science, such as vascular biology (53) ; however, little attention has been devoted to mechanical stress-induced lung remodeling in emphysema.
In this brief review, we first summarize how the composition and structure of the parenchyma determine organ level function in the normal and emphysematous lung. Based on limited literature, we next review how mechanical factors could influence the pathogenesis of emphysema. The progressive nature of emphysema has been shown to be influenced by mechanical stresses due to rupture of alveolar walls (59) . However, little is known about how the heterogeneous distribution of mechanical stresses in the emphysematous lung alters lung remodeling. Finally, we conclude by considering several possible directions that might prove useful in finding solutions for this disease.
alveoli to ECM structure and cell-ECM interactions within the wall.
During emphysema, the lung structure is gradually destroyed (FIGURE 2). At the largest scale, lung volume is increased. At intermediate scales, the network of alveolar septal walls becomes grossly heterogeneous, with many walls missing and some under high tensile stress. A recent study even suggests that small airways disappear before distal airspace enlargement occurs (40) . At an even smaller scale, the ECM is significantly remodeled within the septal walls. This pathological remodeling is heterogeneous with local fibrotic-like collagen deposition as well as decreased elastin content (10) . However, the remodeled ECM fibers are visibly disorganized, often showing evidence of rupture (34) . In human emphysema, PG content also changes and often decreases (41, 67) . Another FIGURE 1. Structure and complexity of the parenchyma at three length scales Top: a terminal bronchiole (TB) leading to an alveolar duct (AD). Bottom left: a zoom into a single air-filled alveolus (A) with type I (E1) and type II (E2) alveolar epithelial cells covered by a thin liquid layer. The surfactant (S) molecules at the air-liquid interface. Secretion of lamellar bodies (LB) by the E2 cell is also shown. Bottom right: a schematic representation of the extracellular matrix of the alveolar septal wall with various components, including amorphous elastin (El), wavy collagen (C), complex proteoglycans (PG), basement membrane (BM), and fibroblast cells (F). Image is adapted from Ref. 48 and is used here with permission from Am J Respir Crit Care Med.
hallmark of emphysema is the appearance of inflammatory cells, mainly macrophages, neutrophils, and T cells (15) , that release various enzymes such as matrix metalloproteinases (MMPs) that can cleave ECM molecules and promote remodeling (52) . Finally, fibroblast can undergo oxidative stress-induced apoptosis (4).
Functional Mechanical Properties of the Normal and Emphysematous Lungs
We first attempt to provide a mechanistic link between structural components in FIGURE 1 and the functional mechanical properties of the lung (60) . Since some of the links are unknown, there remains some speculation. Nevertheless, such structure-function relations are useful since lung function is easily measured, whereas structure and composition are less available noninvasively due to limited resolution (e.g., CT imaging) or extent (biopsy). The solid green curve in FIGURE 3 shows a conceptual pressure-volume (P-V) curve of the normal lung inflated from the collapsed state to total lung capacity (TLC). In region 1, Ptp increases with little change in volume due to substantial airway and alveolar collapse. In region 2, Ptp begins to exceed the critical airway opening pressures and airways start to open in avalanches that recruit alveolar airspaces with a steep volume increase (1, 57) . As the open regions begin to expand, surface film expansion and possibly proteoglycan compression and shear contribute. In region 3, surface FIGURE 2. Structure and complexity of the parenchyma at three length scales in the emphysematous lung Top: the remnants of a terminal bronchiole (TB) leading to airspace enlargement (AE). Note the single straight septal wall under larger than average mechanical stress (arrow). Bottom left: zoomed in image of an enlarged airspace region that used to be two alveoli lined with type I (E1) and type II (E2) epithelial cells covered by a thin liquid layer and surfactant (S). Inflammatory cells, including a macrophage (M) and a neutrophil (N), are also shown. Right: a schematic representation of the extracellular matrix of the septal wall with various components including amorphous elastin (El) and collagen (C), and reduced amount of proteoglycans (PG) and fibroblast (F). Compared with the normal ECM in FIGURE 1, here two macrophages (M) and an apoptotic fibroblast (aF) are also seen. Additionally, collagen C is straight because it is under tension, whereas the wavy fragments of collagen C1 and C2 show a rupture site, where elastin (El1 and El2) as well as PG fragments are found. Note also that a macrophage is recruited near this rupture site by the fragments. L denotes a lymphocyte.
film and alveolar tissue elasticity drive volume changes. Local collagen and elastin fiber alignment and crimp unfolding can occur together with stretching of the elastin. Once most alveoli are recruited, collagen fiber recruitment dominates region 4 with a sharp increase in lung stiffness. During deflation, these processes are likely reversed, although the kinetics of surfactant adsorptiondesorption result in lower closing than opening pressures. Consequently, the P-V curve shows a prominent hysteresis, and the amount of trapped air determines residual volume (RV).
During breathing, different processes determine lung mechanics (60) , primarily because no airway or alveolar collapse occurs. Also, the extent of surface film stretch is much less than during inflation from RV to TLC. Since surface tension toward endexpiration is low, most of the hysteresis loop is thought to be generated by ECM viscoelasticity (49) . Thus the low stiffness along the P-V curve during tidal breathing is mostly determined by the mechanics of the ECM. The ECM stiffness is dominated by fiber alignment and stretching of elastin and perhaps of collagen, with additional small contribution from shearing the proteoglycans. The contractile tone of fibroblasts and smooth muscle cells may also influence the slope of the loop.
In the emphysematous lung (FIGURE 3, red curves), the deflation P-V curve is shifted upward. In mice, the inflation P-V curve is also shifted left and up (21) as in the figure, but in rats it changes shape such that the elbow is shifted slightly to the right of the knee of the normal P-V curve (65) . To our knowledge, the situation in humans is not known. A left (right) shift of the knee is consistent with a lower (higher) airway opening pressure. The higher opening pressure can be explained by reduced tethering in the emphysematous lung not being able to pull airways open. The reduced tethering is a consequence of fewer septal walls, with possibly reduced stiffness. A left shift could represent reduced airway wall stiffness as a result of airway wall remodeling and local fibrosis enhancing recruitment (21) . As inflation proceeds, perhaps similar mechanisms including airway opening in region 2, surface stretching, PG compression, and fiber folding in region 3 can occur. However, absolute lung volume is now higher than in the normal lung because the recoil pressure of the parenchyma and perhaps the pleura are lower.
The small loop represents breathing with increased hysteresis as a consequence of septal wall remodeling (9) . The reason is that surface tension appears to be normal in various animal models of emphysema (43) and, due to tissue loss, mean airspace diameters are larger and surface tension effects through Laplace's law should be even smaller than in the normal lung. It is the folding, sliding, and rearrangement of the disorganized fibers during cyclic stretching of the tissue that should lead to higher energy loss (9) . The loop is also shifted left and up with a significantly higher slope or dynamic compliance. Little is known about what processes contribute to these dynamic changes. However, the missing septal walls and their remodeled state are likely main contributors to the increased compliance. Additionally, since PGs positively influence tissue stiffness (11) , their loss in human emphysema (41, 67) could also contribute to increased lung compliance. Although in the normal lung the bronchial and vascular trees contribute little to lung elastic recoil (54), their contribution is not known in the emphysematous lung.
Enter the Mechanical Stresses
The next question is how the structure of the normal lung in FIGURE 1 transitions to a grossly different structure in emphysema as shown in FIGURE 2. Many different mechanisms have been proposed that involve, for example, complex interactions of proteases (14), inflammation (48), apoptosis (16), or perhaps some combinations of them. Molecular mechanisms have also been advanced based on the idea of homeostatic lung structure maintenance, which can be vulnerable to proteases and oxidants, leading to cell damage and airspace enlargement (63) . However, these processes occur in the presence of Ptp and breathing. Is it possible that the mechanical stresses alter the ECM maintenance program and contribute to the pathogenesis and/or the progression of emphysema? We next briefly discuss this possibility.
Gas exchange requires that fresh air travels down the airways and enters the alveoli. Since the airways and alveoli are collapsible, maintaining an open access to the gas-exchange region requires a static distension of the lung provided by Ptp that generates a preexisting tensile stress, or prestress, in the tissue (60) . A component of this static stretch is related to gravity due to the weight of the lung. The open access alone does not draw air into the alveoli; the pressure needs to be lower in the alveoli than at the mouth, which is provided by the rhythmic stretching of breathing superimposed on the static prestress. Both the prestress and the cyclic stretch have an enormous influence on how adherent cells work in the lung. Since the discovery of stretch-induced surfactant release in the lung by type II epithelial cells (71) , many other cells have been shown to respond to stretch. For example, lung fibroblasts that play a role in ECM maintenance respond to static stretch by phosphorylation of mitogen-activated protein kinases (7), whereas they increase type I collagen expression following cyclic stretch (8) . Although fibroblasts from patients with COPD show reduced capability for tissue repair (64), it is not known how the repair processes are influenced by the changes in static and dynamic stresses in emphysema illustrated in FIGURE 3.
Mechanical Stress and Pathogenesis
Often the progressive nature and the pathogenesis of emphysema are not discussed separately, even though separate mechanisms may govern the two processes. Virtually nothing is known about the role of mechanical stresses in the very early phase of pathogenesis. The inhaled cigarette smoke is delivered into the alveoli by regional inspiratory flows, and the agents in the smoke trigger local inflammation. Various signaling and cellular processes in this early inflammatory phase eventually lead to the release of MMPs and/or reactive oxygen species (ROS), and both MMPs (13, 18, 44, 51) and ROS (19, 23, 33) are capable of degrading ECM fibers and PGs. Since emphysema is known to preferentially attack the upper lobes, it was proposed that the higher prestress due to lung weight in the upper lobes plays a role in this process (68) . Indeed, the lack of a difference in inflammation between the upper and lower lobes (72) supports the argument that somehow mechanical stresses are involved in upper lobe emphysema.
There are several possibilities to explain these findings. For instance, the higher static component of stress in the upper lobes can influence signaling through integrin-mediated mechanotransduction leading to an increased release of MMPs, specifically MMP-9 (29), or enhanced oxidative stress. Although this hypothesis needs to be tested, there is evidence that extracellular superoxide dismutase, which functions as a superoxide anion scavenger attenuating oxidative stress, protects mouse lungs against cigarette smoke-or elastase-induced airspace enlargement (73) . Unfortunately, it is not known whether and how mechanical stresses influence oxidative stress in the emphysematous lung. It has also been reported that cyclic mechanical stretch of fetal lung fibroblasts increases MMP-2 activity and decreases its inhibitor, TIMP-2 (22) . However, changes in lung volume during breathing is larger in the dependent regions of the lung, which makes it unlikely that the cyclic component of stress would be responsible for the enhanced emphysema in the upper lobes. If epithelial signaling is involved, then one should also note that changes in lung volume would first unfold the epithelium before stretching the cells (66) . An alternative hypothesis is that cigarette smoke triggers inflammation nearly uniformly in the lung, but the higher mechanical stresses in the upper regions accelerate enzyme activity in the ECM.
Recently, we reported that, in normal lung tissue, increased static stress on elastin fibers accelerates the cleavage by elastase due to two mechanisms: 1) stretch on the entropic elastin fibers unfolds elastase binding sites, and 2) a larger stretch of the fiber increases the unbinding off rate of elastase, making the overall cleavage process faster (32) . Furthermore, we have recently found that the off rate of elastase on elastin fibers from elastase-induced emphysematous mouse lungs is in fact higher and more stretch dependent than that in normal lungs (FIGURE 4). Although the molecular mechanism at the level of the binding site is unclear, this finding has important implications. The accelerated cleavage in the already damaged fibers can act as a feedback loop at least in two ways. First, following cleavage, exposed lysylderived cross-links are chemotactic for monocytes (26) . This may serve to maintain local inflammation and further production of MMPs and/or ROS. Interestingly, in a murine model of elastaseinduced emphysema, blocking elastin fragments reduced macrophage recruitment into the lung and eliminated airspace enlargement (25) . A second possible mechanism is that the cleavage of elastin weakens the fibers, which in turn become more stretched by the prestress that can further accelerate cleavage. This positive feedback loop should eventually lead to rupture of the fibers. Mechanical failure of fibers within the wall weakens the wall itself, with increased likelihood of 
Mechanical Stress and Progression
Determining the influence of mechanical stresses on the progression of emphysema in a systematic way is difficult because one cannot use "inhibitors" to eliminate Ptp or breathing. However, a recent study used a clever approach to modulate mechanical stresses by graded levels of Ptp during the regrowth of the mouse lung following pneumonectomy (24) . Specifically, two levels of plombage, partially filling the thoracic cavity with sterile dental wax, were employed to reduce or abolish mechanical stress, which is thought to be the driving force during regrowth. Plombage following pneumonectomy significantly reduced Ptp, regrowth, and cell proliferation. This has significant implications for the progression of emphysema, since it has been reported that an imbalance between lung cell apoptosis and proliferation contributes to the progression of emphysema (38) . Following cigarette smoke extract treatment of rats, tissue destruction was seen by 4 wk that showed progression to 8 wk, and spontaneous repair began at 12 wk. Interestingly, a 4-wk treatment of rats with a peroxisome proliferator activated receptor agonist or granulocyte and macrophage-colony stimulating factor was able to prevent the progression and decreased cell apoptosis. Although the exact mechanism of how mechanical stress would influence the apoptotic process in the emphysematous lung is not known, in cultured human aortic smooth muscle cells, cyclic stretch was found to upregulate the microRNA miR-21 expression, which regulates both proliferation and apoptosis (55) . These studies suggest that physiological levels of mechanical stress are needed for proper cellular turnover and ECM maintenance. When the mechanical stress is subphysiological as in emphysema (FIGURE 3), an imbalance of proliferation and apoptosis is created that contributes to the progression of lung destruction. However, apoptosis alone does not degrade the tissue. Therefore, MMP release and enzyme and/or ROS activity is necessary for any further ECM destruction, and this process is substantially influenced by mechanical forces.
The relentless progression of emphysema cannot be explained only in terms of the biology or biochemistry of the disease. The almost unnoticed residual inflammation has been suggested to keep the "cigarette burning" (48) even after cessation of smoking. However, just like apoptosis, inflammation alone does not eliminate alveolar septal walls. Previous experiments have demonstrated (34) and computational modeling (47, 59) supports the notion that, when enzymatic processes sufficiently weaken the septal walls, mechanical stresses of breathing can rupture the walls. When this happens, the stress in the wall before rupture is redistributed among the septal walls of the neighboring alveoli. Consequently, there will be neighbors carrying an increased prestress, which in turn unfolds more binding sites and increases the cleaving rate (32) or enhances mechanotransduction to release more MMPs. These mechanisms in turn increase the probability that the wall mechanically fails. A single wall failure can thus trigger a series of additional ruptures, serving as a positive feedback for further tissue destruction (59) . This cascade of events can explain the persistent progression of emphysema with gradual and irreversible decline in function. Furthermore, following a single rupture, the neighbors will not rupture immediately. First, a new mechanical equilibrium is established in which the neighboring walls carry an increased prestress with altered enzyme activity and local mechanotransduction. This new equilibrium may be stable for a while, during which cells may try to compensate for the altered mechanical conditions by aberrant remodeling of the ECM.
The quiet periods can be interrupted by exacerbations. Although an exacerbation is triggered by viral or bacterial infections (50, 56) , esophageal pressures during forceful coughing can exceed 200 cmH 2 O (37), which eventually lead to failure of septal walls with irreversible decline in function. Recently, we tested this hypothesis by delivering frequent deep inspirations to mice 2, 7, or 21 days after elastase treatment (61) . At 21 days, deep inspirations changed the distribution of airspace diameters and increased septal wall thickness and FIGURE 4. Unbinding rate measured in normal lung tissue and in emphysematous lung tissue Unbinding rate (K off ) measured in normal lung tissue and in emphysematous lung tissue obtained at day 3 or 42 following porcine pancreatic elastase treatment of mice using fluorescent recovery after photobleaching (FRAP), as described in Ref. 32 . Each bar represents the mean and SD of 50 -100 individual FRAP curve measurements. The effect of static uniaxial strain on K off is significant (P Ͻ 0.001). Additionally, independent of strain, the effects of treatment are also significant (P Ͻ 0.001), with an interaction that almost reached the significance level (P ϭ 0.052) (Sato S, Bartolak-Suki E, Suki B, unpublished observations).
the number septal ruptures. These observations suggest that, once a critical remodeling has been reached, acute and sufficiently high mechanical stresses will lead to irreversible changes in structure and function similar to COPD exacerbations. This has indeed been corroborated in a longitudinal study on COPD patients, because the rate of CT-based lung structure destruction was higher in patients with frequent exacerbations (62) . Although much remains to be done since nothing is known about how exacerbations might alter mechanotransduction, it is feasible to conclude that the combination of fatigue of damaged fibers, aberrant mechanotransduction, and exacerbations significantly contribute to the slow yet irreversible structure-function deterioration shown in FIGURES 2 AND 3.
New Areas Requiring Research
Three more issues warrant discussion. First, little is known about how individual ECM constituents remodel and fail. The thin blood-gas barrier is supported by the basement membrane composed mostly of type IV collagen and laminin. It has been speculated that the basement membrane may be mechanically compromised in emphysema (69). Collagen fibers, including types I and III, have been directly shown to fail at stresses of normal breathing (34) . Although cross-links within and among the ECM components contribute to the strength of the tissue, they likely fail during wall rupture. Furthermore, during ECM remodeling, the crosslinking enzyme lysyl oxidase should play a key role, but its normal function is likely impaired (45) . Thus future research should examine the regulation of cross-linking enzymes by ECM composition and stiffness.
The second issue is related to the stiffness of the septal walls. It is now well established that substrate stiffness fundamentally alters cell signaling in a variety of cells (31) including stem cells (17) . For example, although severe tissue stiffening has traditionally been regarded as a consequence of fibrosis, it has recently been shown that local ECM stiffness plays an important role in the development of the fibrotic response of fibroblasts (39) . In a bleomycin-injured murine model of fibrosis, normal tissue stiffness increases up to sixfold. When cultured lung fibroblasts were exposed to such changes in substrate stiffness, they transitioned from a quiescent state to a state with increasing proliferation and matrix synthesis as well as decreases in matrix proteolytic gene expression. These results suggest a feedback mechanism between matrix stiffening and fibroblast activation that amplifies fibrosis. Surprisingly, little is known about how septal wall stiffness changes in emphysema, most likely due to the highly heterogeneous nature of the tissue structure. Nevertheless, this knowledge is much needed for the understanding of local mechanical stimuli-induced ECM remodeling. What is clear, however, is that the increase in lung compliance is in large part due to the loss of septal walls. Even if septal walls stiffen in emphysema due to local fibrosis, the substantial loss of walls can still result in increased lung compliance. Indeed, although total lung collagen increased in elastase-induced emphysema in mice, the failure stress decreased and lung compliance increased significantly (30) . Furthermore, if local ECM stiffness influences mechanotransduction in emphysema, research should also be directed toward actin and focal adhesions that are essential in The arrows represent known or possible links. Notice the feedback from alveolar wall and network mechanics to static stress distribution and dynamic stresses, which decrease transpulmonary pressure and alter breathing pattern. The blue at the bottom represents internal or external triggers. The red pathways show a possible mechanism of self-sustained progression. Fiber and wall failure (red) play a key role here since they directly generate airspace enlargement, feed back to breathing pattern, and, through exposure of fragments, maintain inflammation and drive signaling. The red dashed line represents the added effect of exacerbations on the steady progression.
mechanosensing (4) . This area requires much further research. Finally, we briefly discuss the nature of local stretch pattern. Many studies have reported that both the frequency and the amplitude of stretch substantially influence cellular behavior (20, 36, 64) . Furthermore, the pattern of stretch during breathing is not monotonous, but its amplitude and frequency change from cycle to cycle. Such variations have been found to influence surfactant metabolism in type II epithelial cells (2, 3) as well as lung fibroblast signaling in engineered tissue (29) . It is thus likely that fibroblast signaling in vivo is also sensitive to stretch pattern. Indeed, preliminary studies using fibroblast from normal and emphysematous mice show difference in ATP synthase level that is a function of variability in stretch (6) . Because variability of tidal volume significantly increases from 26% in normal to 43% in emphysema (35) , the stretch pattern itself may have a broad effect on general cell signaling in the lung. An interesting possibility arises from the observation that MMP-1, interstitial collagenase, is released by type II epithelial cells in human endstage emphysema (27) . Since type II cells are sensitive to stretch pattern (2), the altered breathing variability in emphysematous patients (35) likely contributes to aberrant mechanotransductioninduced MMP-1 expression that can drive collagen remodeling to weaken its failure properties (34) . This idea warrants further experimental investigation.
To summarize, we present a conceptual diagram in FIGURE 5 that illustrates how feedback mechanisms including mechanical stresses, both static and cyclic, local ECM stiffness, and stretch pattern may interact at various spatial and temporal scales with cellular signaling to produce MMPs and/or ROS that can degrade the tissue. The diagram also shows how mechanical stresses can propagate injury and maintain a slow but relentless progression of the disease. Specifically, the red pathways show a possible mechanism of self-sustained progression even after smoking cessation once a critical level of tissue destruction has been reached. Notice also that fiber failure and ultimately wall rupture play a key role since they directly generate airspace enlargement, by redistributing mechanical stresses they feed back to breathing pattern, and, through exposure of fragments, they also maintain inflammation to drive additional signaling. Indeed, fragments of elastin (25, 26) , proteoglycans (20) , as well as collagen (46) are chemotactic; that is, they attract inflammatory cells. Furthermore, the red dashed line represents the added effect of exacerbations on the rate of progression (61, 62) . The proposed concepts attempt to organize the mechanobiology of emphysema to stimulate further experiments in this direction.
Conclusion
In this review, we discussed the processes that contribute to the P-V curve of the lung and how these may change in emphysema. We presented arguments that mechanical stresses play an important but not well understood role in both the pathogenesis and progressive nature of emphysema through lung remodeling as well as tissue destruction. However, we did not discuss single molecular pathways in mechanotransduction because they are not yet known; instead, we presented an integrated multiscale view of how mechanical stresses might influence the pathogenesis and progression. Studying mechanotransduction and stress failure is nevertheless important for at least two reasons. Uncovering the cellular pathways of mechanotransduction may open new directions in emphysema research, with the possibility of discovering novel therapeutic targets. Additionally, understanding mechanical stressinduced failure can have implications for quality of life such as exercise tolerance, the type of exercise without eliciting an exacerbation, as well as proper mechanical ventilation of patients that require ventilator support. Ⅲ This study was supported by National Heart, Lung, and Blood Institute Grant HL-098976.
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